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Jasmonic acidIt has previously been shown that jasmonic acid affects the ethylene signaling pathway. EIN2 is a
central component of ethylene signaling that is downstream of the receptors. EIN2 has previously
been shown to be required for ethylene responses. We found that reducing jasmonic acid levels,
either mutationally or chemically, caused ein2 ethylene-insensitive mutants to become ethylene
responsive. This effect was not seen with the ethylene-insensitive etr1-1 mutants that affect
receptor function. Based upon these results, we propose a model where jasmonic acid is inhibiting
ethylene signal transduction down-stream of the ethylene receptors. This may involve an EIN2-
independent pathway.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Although recent studies have uncovered an array of detailsEthylene is a gaseous hormone biosynthesized by plants that af-
fects many developmental processes, such as germination, growth,
and abscission, as well as responses to various stresses [1,2]. Much
of what we know about ethylene signal transduction comes from
studies on the model plant, Arabidopsis thaliana, where many of
the molecular components have been identiﬁed. A key protein in
ethylene signaling is EIN2 [3]. EIN2 is located in the membrane
of the ER, physically interacts with the ethylene receptors, and is
phosphorylated by the protein kinase, CTR1 [4–7]. EIN2 is required
for both transient and long-term ethylene responses in Arabidopsis
[8]. The current model proposes that ethylene binding to the recep-
tors reduces the activity of the receptors, leading to reduced activ-
ity of CTR1, and an increase in EIN2 protein levels along with
subsequent associated signaling [9]. Part of the signaling from
EIN2 involves proteolytic cleavage of the cytosolic, C-terminal por-
tion of the protein from the transmembrane portion of the protein
[6,7,10]. This released peptide then enters the nucleus as part of
the signaling cascade.about the mechanism by which EIN2 functions in ethylene signal-
ing, much remains to be determined. Several prior studies have
looked at signaling cross-talk between jasmonic acid (JA) and eth-
ylene [11,12]. We became interested in the role of EIN2 in the
interaction of these two phytohormones because loss of EIN2 also
affects responses to JA [3,12–14]. In this study, we examined the
effects that lower levels of JA have on ethylene responses in ein2
mutants.2. Materials and methods
2.1. Seed lines
The etr1-1 and ein2-1 seeds were lab stocks. The aos mutants
were from Frederick Ausubel, while the ein2-5 and dde2-2 ein2-1
mutants were from the Arabidopsis Biological Resources Center.
All mutants are in the Columbia ecotype of Arabidopsis and have
been described [3,15–18].
2.2. Plant growth conditions and ﬂoral organ abscission measurements
Plants were grown for 42d and ﬂoral organ abscission examined
as previously described [19]. The effect of ethylene was deter-
mined by treating plants with air versus 1 or 100 lL L1 ethylene
for 3d in closed, ﬂow-through chambers. After treatment, the
change in ﬂoral organ position was determined by subtracting
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ment from the number with petals still attached at the start of
treatment.
2.3. Seedling growth conditions and growth measurements
Seeds were surface sterilized by treatment with 70% (v/v) alco-
hol for 30 s and 10% (v/v) bleach for 5 min. Seeds were then rinsed
with sterile water, cold treated for 2–4d at 4 C and placed on agar
plates containing 0.8% (w/v) agar, half-strength Murashige and
Skoog basal salt mixture [20], pH 5.7. Seeds were allowed to germi-
nate under continuous light for 2d prior to treatment with air or
ethylene for 5d. In some cases, seedlings were treated with pheni-
done (Fisher Scientiﬁc, Waltham, MA) to inhibit JA biosynthesis
[21]. A stock solution of phenidone was made in water, ﬁlter ster-
ilized, and added to the agar to a ﬁnal concentration of 10 lM. The
lengths of roots and hypocotyls were measured as previously de-
scribed [22]. Data were normalized to air-treated, wild-type
seedlings.
2.4. Quantiﬁcation of transcript levels
The transcript levels of ERF1, CHI B, and EIN2 were analyzed
using qRT-PCR as previously described [23]. RNA was extracted
from inﬂorescences of adult plants or 7d-old, light-grown seed-
lings. All qRT-PCR values are from three biological replicates with
two to three technical replicates each. Data represents the aver-
age ± S.E.M. All the values were normalized to ACTIN2 as an inter-
nal control. Primers used were: ERF1 F 50-AAGATAGTGACTTTGA
TCACCGCTC-30, ERF1 R 50-CCCACTATTTTCAGAAGACCCCA-30, CHI B
F 50-GGAGAGTCGCCGATCGTAT-30, CHI B R 50-TAAATAGCAGCTTC-
GAGGAGGC-30, EIN2 F 50-TGGGGAAAGTACACTTACGTTCTCAA-30,
and EIN2 R 50-ATTCCGTTAGCTGAAGTCGGACT-30. ACTIN2 primers
were previously described [24].
2.5. Statistics
Differences were analyzed with t tests and considered statisti-
cally signiﬁcant for P < 0.01.
3. Results
3.1. dde2-2 ein2-1 double mutants respond to ethylene
In Arabidopsis, ﬂoral organ abscission progresses from older to
younger ﬂowers along a single inﬂorescence so that the timing of
petal abscission can be determined by measuring the number of
ﬂowers with petals still attached [19]. Since both JA and ethylene
are involved in ﬂoral organ abscission in Arabidopsis [19,25–29]
we decided to explore the interplay between ethylene and JA in
regulating abscission. Speciﬁcally, we examined ﬂoral organ
abscission in the JA biosynthesis mutant, aos, and the ein2-1 ethyl-
ene insensitive mutant [3,17]. In air under the conditions used, the
petals of Columbia wild-type plants abscised between positions 5
and 7; ﬂoral organ abscission was delayed in both the aos mutant
(abscission occurring between positions 12 and 16) and the ein2-1
mutant (abscission between positions 7 and 9) (Fig. 1A). We also
examined dde2-2 ein2-1 double mutants. Like aos mutants, the
dde2-2 mutants contain a mutation in AOS and produce reduced
amounts of JA [26]. In air, petals of dde2-2 ein2-1 plants abscised
between positions 14 and 18 (Fig. 1A). These delays in abscission
are consistent with prior studies on these or similar mutants
[17,19,30–33].
We next examined the effect of ethylene on ﬂoral organ abscis-
sion in these mutants. To do this we determined the change in the
position of ﬂoral organ abscission in air versus ethylene. During the3d time-course of these experiments, ﬂoral organ abscission in air
progressed by approximately two positions for wild-type, aos, and
ein2-1 plants and by less than 1 position for dde2-2 ein2-1 plants
(Fig. 1B). The slower rate of abscission in the double mutants in
air was statistically slower than abscission in wild-type plants
(P < 0.01). Consistent with prior studies [19,25,27,28], the applica-
tion of 1 lL L1 ethylene to wild-type plants accelerated ﬂoral or-
gan abscission by two positions, while 100 lL L1 ethylene
accelerated abscission by an average of 3.5 positions (Fig. 1B).
The aos mutants also responded to ethylene with accelerated
abscission. However, ﬂoral organ abscission in the ein2-1 plants
was unaffected by application of either concentration of ethylene.
This is consistent with other studies showing this mutant to be
ethylene-insensitive [3,19]. Surprisingly, the dde2-2 ein2-1 double
mutants responded to the application of ethylene with accelerated
abscission much like that observed in wild-type plants (Fig. 1B).
COI1 is a receptor for JA. We obtained similar results when the
JA-insensitive coi1-37 mutant was crossed with ein2-1 (data not
shown). We conﬁrmed that the dde2-2 ein2-1mutants were homo-
zygous for ein2-1 according to the methods of Tsuda et al. [18].
Since these results with the dde2-2 ein2-1 double mutants were
unexpected, we examined other ethylene responses. The transcript
levels of ERF1 and CHI B are known to be up-regulated by applica-
tion of ethylene [28,34,35]. To conﬁrm the above physiological re-
sults, we examined the transcript abundance of ERF1 and CHI B
using qRT-PCR with RNA extracted from adult plants (Fig. 1C and
D). In air, the transcript abundance of ERF1 was reduced in the
dde2-2 ein2-1mutants while, CHI B transcript abundance was low-
er in both the ein2-1 and dde2-2 ein2-1 plants. As expected, ethyl-
ene caused an increase in the transcript abundance of both ERF1
and CHI B in wild-type and aos plants, but had no effect on the tran-
script abundance of these genes in ein2-1mutants. Consistent with
our abscission results, ethylene signiﬁcantly (P < 0.01) increased
the transcript abundance of both ERF1 and CHI B in dde2-2 ein2-1
plants. Together these data indicate that a mutation in AOS causes
ein2-1 mutants to become ethylene responsive supporting the
hypothesis of a unique interplay between JA and ethylene.
The above results were obtained using adult plants. We were
interested to know if young dde2-2 ein2-1 seedlings also responded
to ethylene. Hypocotyl and root growth inhibition by ethylene are
easily quantiﬁable bioassays [36,37]. As expected, ethylene inhib-
ited root growth in light-grown, wild-type and aos seedlings, but
failed to inhibit growth of ein2-1 roots (Fig. 1E). Consistent with
our results above, the dde2-2 ein2-1 double mutants responded
to ethylene and had shorter roots when treated with either 1 or
100 lL L1 ethylene (Fig. 1E). The decreases in root length in the
dde2-2 ein2-1 double mutants were statistically signiﬁcant for both
concentrations of ethylene (P < 0.01). Similar results were obtained
with hypocotyl growth (data not shown). These results indicate
that mutations in AOS can cause ein2-1 mutants to respond to
ethylene.
3.2. EIN2 transcript abundance is lower in dde2-2 ein2-1 mutants
The ein2-1mutant contains a premature stop codon that results
in a truncated protein consisting predominantly of the transmem-
brane portion of EIN2 [3]. Therefore, it is possible that there is
residual EIN2 activity in the ein2-1 mutants associated with the
transmembrane domains. If true, one explanation for ethylene
responsiveness in the dde2-2 ein2-1 double mutants is that ein2-
1 protein synthesis is higher than in the ein2-1 single mutants.
To test this, we examined EIN2 transcript levels using qRT-PCR
on RNA extracted from plants maintained in air (Fig. 2). From this
analysis it is clear that EIN2 transcript abundance is similar in the
ein2-1 and dde2-2 ein2-1 mutants. In both mutants, the transcript
abundance is lower than EIN2 mRNA in the wild-type and aos
Fig. 1. dde2-2 ein2-1 double mutants respond to ethylene. (A) Inﬂorescences from plants maintained in air for 42d. Arrows indicate the last ﬂower position where the petals
are still attached. (B–D) Forty-two-day-old plants were grown in ﬂow-through chambers for 3d in air, 1 lL L1 ethylene, or 100 lL L1 ethylene. (B) The change in ﬂoral organ
abscission position was calculated by determining the difference in ﬂoral organ abscission position at the beginning and end of the experimental period. Data represents the
average ± S.E.M. from at least ﬁve plants. (C and D) Transcript abundance in adult plants for ERF1 and CHI B was analyzed using qRT-PCR. The levels of ERF1 and CHI B mRNA
relative to ACTIN2were normalized to levels in untreated, wild-type plants. Data represents the average ± S.E.M. from three biological replicates with two technical replicates
for each. (E) Light grown seedlings were grown for 5d in air or ethylene as indicated. The length of roots was normalized to untreated, wild-type seedlings. Data represents the
average ± S.E.M. of at least 39 seedlings total from three separate experiments. ⁄Statistical difference caused by ethylene-treatment compared to untreated plant of that
background (P < 0.01).
Fig. 2. EIN2 transcript abundance in select Arabidopsis mutants EIN2 transcripts
levels from 45d-old plants grown in air were analyzed using qRT-PCR. The levels of
EIN2 mRNA relative to ACTIN2 were normalized to levels in wild-type plants. Data
represents the average ± S.E.M. from three biological replicates with two technical
replicates for each.
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the dde2-2 ein2-1mutants, but does not rule out other mechanisms
of regulation being involved in modulating ein2-1 protein levels.
3.3. Phenidone causes ein2-1 mutants to respond to ethylene
The above results using mutants supports the hypothesis that
ein2-1 plants are capable of responding to ethylene if JA levels or
signaling are low. To test this hypothesis using a different ap-
proach, we treated wild-type and ein2-1 mutants with the JA bio-
synthesis inhibitor, phenidone [21]. For comparison, we
examined the etr1-1 ethylene insensitive mutants that contain a
mutation in the ETR1 ethylene receptor [37,38]. Seedlings were
grown on agar plates in the light in the presence or absence of
10 lM phenidone and responses to 100 lL L1 ethylene were com-
pared. In the absence of phenidone, application of ethylene inhib-
ited root growth in wild-type, but not the etr1-1 or ein2-1 mutants
(Fig. 3A). In air, phenidone inhibited root growth with wild-type
Fig. 3. Phenidone causes ein2 mutants to respond to ethylene Wild-type or select
ethylene-insensitive seedlings were grown in ﬂow-through chambers for 5d in air
or 100 lL L1 ethylene in the presence or absence of 10 lM phenidone. (A) Root
length was measured and normalized as described in Fig. 1. Data represents the
average ± S.E.M. of at least 30 seedlings total. (B) Transcript abundance of ERF1 from
light grown seedlings was analyzed by qRT-PCR as described in Fig. 1. ⁄In the
presence of phenidone, statistical difference caused by ethylene compared to air-
treated seedling (P < 0.01).
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phenidone caused roots of ein2-1 mutants to become ethylene
responsive; the etr1-1 mutants remained ethylene insensitive
(Fig. 3A). Phenidone treatment also caused an additional allele of
EIN2 (ein2-5) to become ethylene responsive; by contrast, pheni-
done caused no additional ethylene responsiveness in dde2-2
ein2-1 double mutants (Supplemental Fig. S1). To conﬁrm these
physiological results, we measured ethylene-stimulated increases
in ERF1 transcript abundance in seedlings (Fig. 3B). Application of
phenidone reduced the ethylene-stimulated increase of ERF1 tran-
script in wild-type seedlings. Consistent with the root growth re-
sults, application of phenidone caused ein2-1, but not etr1-1, to
become ethylene-responsive as measured by an increase in ERF1
transcript abundance (Fig. 3B). In the mutants, only the
phenidone-treated ein2-1 mutant seedlings had a signiﬁcant
increase in ERF1 levels (P < 0.01). Thus, lower JA levels cause ein2
mutants to become ethylene responsive.
4. Discussion
A central component of ethylene signaling is EIN2. Although its
exact functions are not known, it is thought that EIN2 has multiple
roles in the ethylene signaling pathway [3,8,23]. For instance, the
N-terminal portion, with 12 membrane-spanning a-helices, may
have a different function from the C-terminal portion that is pro-
teolytically cleaved and enters the nucleus during ethylene signal-
ing [3,6,7,10].
It has previously been suggested that ethylene affects plants via
both ethylene receptor-dependent and -independent pathways
with the JA receptor, COI1, mediating the second pathway [39].
This conclusion was, in part, based upon their observation thatetr1-1 and ein2-1mutants responded to ethylene when plants were
grown in the light [39]. However, our data do not support this
model. Like many earlier studies (for instance: [35,37,38]), we
found that the etr1-1 mutants failed to respond to ethylene, even
when grown in the light. This was true whether or not JA levels
were reduced by treatment with phenidone. This indicates that
all ethylene signaling is occurring via the known ethylene recep-
tors. Also, unlike this prior study [39], but consistent with many
other studies (for instance: [3,7,40–42]), we observed no ethylene
responses in ein2-1 or ein2-5 mutants when plants were grown in
the light. The exception to this was when JA levels were reduced
(current study). Thus, JA appears to be affecting the ethylene sig-
naling downstream of the ethylene receptors. It should be noted
that one other study observed a growth inhibition response in
roots of ein2-5 ethylene insensitive mutants upon treatment with
high dosages of the ethylene precursor, ACC [43]. While this
growth inhibition could be caused by enhanced ethylene levels
from application of ACC, there is also evidence that ACC itself acts
as a signaling molecule [44] that could cause these effects.
In the current study, we found that ein2 mutants regained the
ability to respond to ethylene when JA levels were reduced by
either phenidone treatment or when combined with the dde2-2
mutation that reduces AOS activity. Two models can be considered
for JA function. In one, there is an EIN2-independent pathway that
is inhibited by JA. In this model, removing EIN2 eliminates detecti-
ble ethylene signaling because JA inhibits this second, EIN2-
independent pathway. It is only when both EIN2 activity is
eliminated and JA levels are reduced, that this pathway becomes
evident. In the second hypothesis, there is residual EIN2 activity
in the ein2 mutants. In this model, the known ethylene signaling
pathway is inhibited by JA. Thus, the residual EIN2 activity only be-
comes evident when JA levels are lowered. We favor the ﬁrst model
because both ein2-1 and ein2-5 mutants regained the ability to re-
spond to ethylene when treated with phenidone. While the ein2-1
mutation might result in a partially functional EIN2, the ein2-5mu-
tant contains a frame-shift in the predicted eighth transmem-
brane-spanning a-helix that would likely cause more disruption
of function [3]. This suggests that there may be an EIN2-
independent component in ethylene signaling that is inhibited by
JA. Prior studies suggest that one candidate for this EIN2-indepen-
dent component may involve phosphorelay from the ethylene
receptors to histidine phosphotransfer proteins and response
regulator proteins [45–48]. However, further work is required to
determine which model is correct.
Prior studies have shown that there is JA-ethylene crosstalk at
several levels in the ethylene signaling pathway mediating syner-
gistic interactions between the two hormones [11,12]. Our results
indicate that JA also inhibits ethylene signaling. These seemingly
contradictory results should not be too surprising since JA and eth-
ylene have been shown to act both synergistically and antagonisti-
cally depending upon the response being measured [11,12,49,50].
The relative importance of each of these effects most likely de-
pends upon various factors such as the developmental stage and
physiological responses being regulated.
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